Polyspermy produces triparental seeds in maize
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In flowering plants, two pairs of gametes participate in double fertilization. One of the two sperm delivered by the pollen tube (PT) fuses with the egg cell to form the zygote, whereas the second unites with the central cell to produce the endosperm [1] . Most animal species prevent polyspermy through a transient, fast block established by the depolarization of the egg membrane within milliseconds after encountering the first sperm, followed by a slow block generated through enzymatic changes in the extracellular matrix surrounding the egg [2] . Although in vitro fertilization experiments suggest that the maize zygote starts cell wall deposition within 30 seconds after fusion with a sperm [3] , thereby preventing further fertilization events, it is unknown whether plant gametes prevent polyspermy by a fast block. Here, using a genetic approach, the absence of a fast block preventing polyspermy in the maize central cell is demonstrated. A putative polyspermy event involving the egg indicates the existence of tri-parental individuals, which may provide an alternative route to polyploidy, distinct from the one involving unreduced gametes. Sperm of flowering plants are immotile and delivered to the female gametes by the PT, which navigates through female tissues to the embryo sac, where it releases the two sperm to effect double fertilization [1] . Along its way, multiple processes ensure that usually only a single PT reaches the embryo sac, thus reducing the chances for polyspermy to occur [4] . In animals, the rapid block to polyspermy is associated with a fertilization-induced Ca 2+ wave. Because an increase in cytosolic Ca 2+ was observed after in vitro fertilization in maize [5] , a fast block to polyspermy has also been proposed in plants. However, the existence of such a fast block was never functionally tested in vivo using wildtype plants.
In most plants, endosperm with a maternal (m) to paternal (p) genome ratio of 2m:1p is required for normal seed development [6] . Therefore, the visualization of polyspermy events requires the endosperm balance to be maintained, and more than two sperm cells to be delivered to the embryos sac. An investigation using the Arabidopsis tetraspore (tes) mutant, which produces PTs with multiple sperm, indicated that a block to polyspermy exists in the egg but not the central cell [7] . However, sperm of tes mutants can fuse [8] , making inferences on how ploidy arose in the progeny difficult, and only a small number of seeds were screened to detect polyspermy in the egg. It would therefore be preferable to perform experiments investigating polyspermy at a larger scale with wild-type parents.
In maize, more than one PT occasionally reaches an ovule, as evidenced by hetero-fertilization, where genetically distinct sperm fertilize the egg and central cell, respectively [9] . As maize has a strict 2m:1p endosperm balance requirement, polyspermy events resulting in tri-parental endosperm would cause seed abortion. Therefore, a tetraploid (4n) derivative of the W23 inbred, which does not produce anthocyanin (r), was used as a female parent in crosses with a 1:1 mixture of pollen from two genetically distinct, diploid (2n) male parents ( Figure 1A) . One was homozygous for R-stippled (R-st), causing spotted anthocyanin pigmentation in the endosperm, the other for R-navajo (R-nj), pigmenting the kernel's crown and embryo. In such a cross, single fertilization of the central cell results in a 4m:1p genome ratio and seed abortion, while seed receiving two paternal genomes, and thus a 4m:2p genome ratio in the endosperm, develop normally ( Figure 1B ). The latter can be achieved by fertilization with two normal sperm, or with a 2n sperm from an unreduced pollen grain, both of which form viable seeds.
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Current Biology 27, R1293-R1304, December 18, 2017 R1301 Among 176 crosses, 26 fully developed, plump kernels carrying both the R-st and R-nj markers from the two distinct male parents were recovered ( Figure 1B ,E), while 84 expressed only R-nj ( Figure 1C ) and 82 only R-st ( Figure 1D ). Tri-parental kernels carrying markers derived from two distinct male parents provide unambiguous evidence for polyspermy, as the sperm were contributed by two different PTs coming from two separate male parents. Since polyspermy events with sperm carrying distinct markers are expected to be as frequent as those involving sperm with the same marker, we conclude that about one quarter of the plump kernels (52/192) were derived from polyspermy events involving the central cell.
Only ovules that received at least two pollen tubes had a chance for polyspermy to occur, which results in the formation of tri-parental endosperm carrying both the R-st and R-nj markers. Thus, to determine the frequency of polyspermy, one has to determine how often more than two sperm were available for double fertilization in an ovule. This can be estimated by the frequency of hetero-fertilization [9] , which was determined in test crosses of the pollen mixtures to 2n W23 females and found to be about 4% (see Supplemental Information). As a total of about 50,000 kernels were screened, this corresponds to a polyspermy frequency of 2.6% of the cases where at least two PTs reached the same ovule (see Supplemental Information). Thus, the frequency of polyspermy involving the central cell in a wild-type maize background is about 10 times lower than in the tes mutant in Arabidopsis [7] . This is likely because two PTs will rarely release sperm at exactly the same time, prior to cell wall deposition after the first fertilization event. In contrast, multiple sperm are released at the same time from a single PT in the tes mutant. Thus, while animals restrict access of sperm to the egg by a fast block to prevent polyspermy, plants limit supply by controlling the number of PTs that reach an ovule.
Should a fast block to polyspermy be absent not only in the central cell but also in the egg, it could produce polyploid offspring, which is generally thought to arise through the formation of unreduced gametes [10] . We tested whether there are polyploid embryos among the kernels that showed unambiguous evidence for polyspermy with the central cell, that is, tri-parental kernels carrying both the R-st and R-nj markers. If two sperm had also fused with the egg, a 4n embryo would be expected as the female parent was 4n and produced 2n eggs. Among the 23 kernels analyzed (see Supplemental Information), we identified one putative 4n embryo as expected from polyspermy with the egg (Supplemental Figure S2) . Thus, provided with the availability of more than two sperm at the same time, both female gametes can apparently fuse with multiple sperm.
Tri-parental offspring caused by polyspermy also exists in mammals, but due to chromosome segregation defects, such individuals can only survive as mosaics. In contrast, polyspermic events in plants produce viable products because no multipolar spindles form due to the absence of centrioles.
In summary, these results clearly demonstrate that polyspermy involving the central cell occurs in vivo in wild-type plants, but is usually not detected due to seed abortion caused by imbalanced endosperm. Although we have only observed one putative polyspermy event involving the egg cell, the formation of tri-parental offspring, where each cell contains the entire chromosome sets of the three parents, may represent a rare constitution with important consequences for the formation of polyploids and thus plant evolution. 
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In a recent paper in Current Biology, Ashton et al. [1] describe the results of what they call the first ever experiment in which benthic assemblages are warmed to ecologically relevant levels in situ. West of the Antarctic peninsula, the authors employed heated settlement panels and studied the settlement and growth of pioneering species over a 5-month period at ambient temperature and at 1°C and 2°C above ambient. Such ocean temperature increases are expected within the next 50-100 years. They claim that the two most dominant species doubled their growth rate already at an increase of 1°C. They further state that this implies Q 10 coefficients around 1,000, which is much higher than anticipated. This unpredicted result should, according to the authors, critically change our thinking of how polar communities might respond to ocean warming. Indeed, such extreme Q 10 coefficients are a surprising result, and not in accordance with more than a century of laboratory or field research in temperate zones. Here, I will show that the claim is unsubstantiated and that the observed in situ growthrate response to temperature of these Antarctic species is much weaker than claimed, and not very different from previous work in the temperate zone.
Ashton et al. [1] observed that the area covered by a single colony of a spatially dominant bryozoan species (Fenestrulina rugula) or a single individual of a spirorbid species (Romanchella perrieri) is already after a few months twice as high in the +1°C treatment compared to the ambient temperature control. Their Figure 2A (upper panel), for example, shows that the area covered by a bryozoan colony after five months has a median value of 32 mm 2 in the +1°C treatment, and only 14 mm 2 in the control. They used the absolute change in radius as a measure of growth and concluded that growth rates doubled at a temperature increase of 1°C.
One should, however, realize that the ratio between the absolute areas covered in the two treatments (or the ratio between the absolute change in radius) does not say anything about the difference in instantaneous growth rates. It can be easily shown that the ratio in area covered by two exponentially growing individuals or colonies (with the same initial area) is given by A 1 /A 2 = exp((r 1 -r 2 )t), and will thus in the long run become infinitely large, even if the difference in instantaneous growth rates r 1 and r 2 is extremely small. The same holds of course for the ratio in absolute growth rates r 1 A 1 /(r 2 A 2 ). It can also be easily shown that two individuals who have exactly the same instantaneous growth rate show a consistent difference in size when one of the individuals starts to grow somewhat earlier than the other. Compare, for example, the sequences 1, 2, 4, 8, 16, 32, 64 and 1, 1, 2, 4, 8, 16, 32, in which one individual is consistently (apart from the first period) twice as big as the other. They both double in size per time period and thus have the same growth rate, but the second species has a lag of one time period.
Similar things are also observed in the study of Ashton et al. [1] . Plotting for each settlement panel the natural logarithm of the mean area covered by a single colony or individual ( Figure  1A ,C) immediately shows that the instantaneous growth rates do not differ dramatically among treatments. Note that the slope of each linear section in such a plot represents the instantaneous growth rate. Further inspection shows that generally the growth rate levels off with increasing size, with the exception of a much slower growth during the first period (and already before the first measurement) of the bryozoan colonies at ambient temperature. Apparently they have a delay in the start of the growth period, which might for example be related to slower development of a microbial biofilm at the control panels [2] . This delay is even better illustrated in a plot of the instantaneous growth rate (log(A i+1 /A i ) in 1/month) versus the geometric mean size ( Figure 1B) . If the maximum instantaneous growth rate of the bryozoan colonies (which is obtained in the first period for the +1°C treatment, but in the second period for the ambient temperature) are compared, one arrives at a factor of 1.24 (i.e. 1.81/1.46). This is slightly higher than the initial expectation of an increase of 12-17%
